Introduction
Campylobacter jejuni remains a major foodborne pathogenic bacterium worldwide. It is highly associated with poultry, and illness from C. jejuni infections normally occurs after the consumption of undercooked chicken or foods crosscontaminated during the handling of chickens [1, 2] . In 2015, approximately 800 cases of Campylobacter infections were reported in South Korea, representing the second highest cause of foodborne illness due to bacterial pathogens [3] .
A biofilm is defined as a matrix of bacterial cells encased in self-produced polymeric substances attached to a surface [4] . Many foodborne pathogenic bacteria can form biofilms on food contact surfaces [5] . Previous studies have shown that C. jejuni can form biofilms on food contact surfaces, including glass and stainless steel [6] [7] [8] . This suggests that the persistence of C. jejuni in the form of biofilms on food contact surfaces can significantly contribute to the crosscontamination of food products [5] .
Although C. jejuni is known to form biofilms, little information is available on the genes involved in biofilm formation. In previous studies, Kim et al. [9] concluded that flgA is involved in flagellar biosynthesis and biofilm formation in C. jejuni. Fields and Thompson [10] reported that csrA is involved in biofilm formation and attachment to INT407 intestinal epithelial cells. Additionally, Joshua et al. [7] found that maf5 and fliS mutants of C. jejuni displayed a reduced ability to attach to surfaces, which is an early stage of biofilm formation.
The complex roles of cell surface modification in the biofilm formation of Campylobacter jejuni, a major cause of worldwide foodborne diarrheal disease, are poorly understood. In a screen of mutants from random transposon mutagenesis, an insertional mutation in the eptC gene (cj0256) resulted in a significant decrease in C. jejuni NCTC11168 biofilm formation (<20%) on major food contact surfaces, such as polystyrene and borosilicate glass, when compared with wild-type cells (p < 0.05). In C. jejuni strain 81-176, the protein encoded by eptC modified cell surface structures, such as lipid A, the inner core of lipooligosaccharide, and the flagellar rod protein (FlgG), by attaching phosphoethanolamine. To assess the role of eptC in C. jejuni NCTC11168, adherence and motility tests were performed. In adhesion assays with glass surfaces, the eptC mutant exhibited a 0.77 log CFU/cm 2 decrease in adherence compared with wild-type cells during the initial 2 h of the assay (p < 0.05). These results support the hypothesis that the modification of cell surface structures by eptC affects the initial adherence in biofilm formation of C. jejuni NCTC11168. In motility tests, the eptC mutant demonstrated reduced motility when compared with wild-type cells, but wild-type cells with the transposon inserted in a gene irrelevant to biofilm formation (cj1111c) also exhibited decreased motility to a similar extent as the eptC mutant. This suggests that although eptC affects motility, it does not significantly affect biofilm formation. This study demonstrates that eptC is essential for initial adherence, and plays a significant role in the biofilm formation of C. jejuni NCTC11168.
Keywords: Campylobacter jejuni, eptC, biofilm
Despite the significance of Campylobacter biofilm, the underlying molecular mechanisms of biofilm formation are insufficiently documented in previous studies, and poorly understood when compared with other major foodborne pathogens [11] . In this study, random mutants of C. jejuni NCTC11168 were screened in a biofilm formation assay, with the eptC insertional mutant exhibiting a significant reduction in its ability to form a biofilm. Hence, this mutant was selected for the testing of several properties related to biofilm formation.
Materials and Methods
Bacterial Strains, Growth Conditions, and Preparation of Cell Suspension C. jejuni NCTC11168 (American Type Culture Collection) and mutants derived from this strain were used in this study. They were routinely grown on tryptic soy agar supplemented with 5% (v/v) sheep blood (TSAB) (Hanil Komed, Korea) at 37°C under microaerobic conditions generated by AnaeroPack-MicroAero (Mitsubishi Gas Chemical Co., Japan), as previously described [9] . The cell suspension for biofilm formation was also prepared by methods previously described [9] . Briefly, C. jejuni strains grown on TSAB at 37°C for approximately 48 h were suspended in Mueller-Hinton broth (MHB) (BD, USA) at an OD 6 0 0 0.1-0.2. Then, the cell suspensions were spread at 100 µl on TSAB and incubated at 37°C for 14-15 h under microaerobic conditions. The cell suspensions were prepared in MHB at an OD 6 0 0 0.01 from the plates using cell scrapers (SPL, Korea) followed by a vortexing of the suspension.
Random Transposon Mutagenesis
C. jejuni competent cells were prepared from C. jejuni NCTC11168 by means previously described [9] . C. jejuni random mutants were created by random transposon mutagenesis using a non-autonomous transposon provided in the EZ-Tn5 <KAN-2> Tnp Transposome Kit (Epicentre, USA), as previously described [9] . Briefly, the transposon (20 ng) was electroporated into the competent cells. Then, SOC medium was added immediately to the cells, and the cells were mixed and spread on TSAB. The plates were incubated at 37°C under microaerobic conditions generated by AnaeroPackMicroAero for 5-6 h. The cells were harvested with cell scrapers in MHB (BD), pelleted, resuspended, and spread on TSAB supplemented with kanamycin (50 µg/ml). After incubation at 37°C under microaerobic conditions for 2-4 days, isolated colonies were subcultured onto fresh kanamycin plates, grown for 1 day, and then frozen as glycerol stocks at -70°C.
Identification of Transposon-Insertional Site by Direct DNA Sequencing
Transposon-insertional sites were identified by sequencing the flanking region of the insertional site using a transposon-specific primer and following the previously described protocol [9, 12] . The forward primer KAN-2-FP-1 (5'-ACCTACAACAAAGCT CTCATCAACC-3') was used in the analysis.
Biofilm Formation on Polystyrene Microtiter Plate
Biofilm formation was assayed on polystyrene microtiter plates as previously described [9] . Briefly, the cell suspension was aliquoted at 100 µl in 96-well polystyrene microtiter plates (SPL, Korea). The plates were incubated at 37°C under microaerobic conditions for 72 h. Then, the liquid was removed and the wells were washed two times in 150 µl of sterile deionized water followed by complete drying. Then, 100 µl of a crystal violet solution (1.0%) (Sigma-Aldrich, USA) was added to the wells, incubated at room temperature for 30 min, and removed. The plates were thoroughly washed in flowing tap water and finally rinsed in deionized water. The plates were dried completely, and the biofilm-staining crystal violet was dissolved in a 100 µl solution of 30% methanol and 10% acetic acid. The absorbance of the crystal violet solution was measured at 590 nm with an Infinite M200 Pro NanoQuant microplate reader (Tecan, Switzerland).
Biofilm Formation on Borosilicate Glass Tubes
The cell suspension prepared as aforementioned was added at 1 ml to sterile borosilicate glass tubes (10 × 1.3 cm) and incubated at 37°C under microaerobic conditions for 72 h. After incubation, the suspension was removed after pipetting up and down four times. The tubes were washed one time with 1.5 ml of sterile deionized water. Then, 1 ml of crystal violet solution (1.0%) (Sigma-Aldrich) was added to the tubes, incubated at room temperature for 30 min, and removed. The tubes were thoroughly washed in flowing tap water and then rinsed in deionized water. The tubes were dried completely, and the biofilm-staining crystal violet was dissolved in a 1 ml solution of 30% methanol and 10% acetic acid. The stained solution was transferred at 100 µl to 96-well plates, and the absorbance of the crystal violet solution was measured at 590 nm with an Infinite M200 Pro NanoQuant microplate reader (Tecan).
Motility Assay
Pipette tips were dipped into a cell suspension with an OD 6 0 0 of 0.1 and stabbed into Mueller-Hinton soft agar (0.4%), by methods already detailed [9] . The plates were incubated with the lids facing upward at 37°C under microaerobic conditions, and the diameter of the motility halo was measured at 48 h.
Adhesion Assay
The cell suspension was prepared as described above, and 5 ml of cells was added to submerge a sterile borosilicate cover glass (18 × 18 mm) (MARIENFELD, Germany) in a 12-well cell culture plate (SPL). The plate was incubated at 37°C under microaerobic conditions for 2 h. After incubation, the cover glasses were briefly rinsed twice in 5 ml of PBS and vortexed in 5 ml of sterile 0.85% NaCl solution with sterile glass beads for 60 sec. Each sample was diluted, plated onto TSAB, and incubated at 37°C under microaerobic conditions for up to 48 h for the quantification of adherent cells.
Growth Phenotype
The cell suspensions described above were diluted 10-fold in MHB and 4 ml was inoculated into a 12-well cell culture plate (SPL). The plate was incubated at 37°C under microaerobic conditions. Samples were taken at regular intervals and diluted, plated onto TSAB, and incubated at 37°C under microaerobic conditions for up to 48 h for quantification.
Transmission Electron Microscopy (TEM) Analysis
The cells were stained with uranyl acetate (2%), washed in deionized water, and air-dried on the 200-mesh formvar-coated grid (EMS, USA). The prepared samples were observed under a JEM1010 transmission electron microscope (JEOL, Japan) at 80 kV.
Scanning Electron Microscopy (SEM) Analysis
The cell suspension prepared as aforementioned was added at 5 ml to a sterile borosilicate cover glass (18 × 18 mm) and incubated at 37°C under microaerobic conditions for 72 h. After incubation, the cover glasses were rinsed twice with PBS and fixed with 0.05 M sodium cacodylate buffer (EMS), 2% paraformaldehyde (EMS), and 2% glutaraldehyde (EMS) for 2 h at 4°C. Residual solution was washed out using 0.05 M sodium cacodylate buffer two times and the cells were further fixed in 1% osmium tetroxide (EMS) and 0.05 M cacodylate buffer for 2 h at 4°C. After washing with distilled water, the fixed cells were then dehydrated with ethanol (30%, 70%, and 100%). After dropping the hexamethyldisilazane (EMS), the samples were dried with airflow for a day on a clean bench. Fully dehydrated samples were coated with Pt and examined by a scanning electron microscope (Carl Zeiss, Germany).
Statistical Analysis
Statistical analysis was performed using Minitab 17 (Minitab Inc., USA). The difference between the samples was investigated by analysis of variance, followed by a multiple comparison procedure using Tukey's honest significant difference (HSD) test. Statistical significance was at p < 0.05.
Results
We previously found that flgA is involved in biofilm formation by C. jejuni NCTC11168 by screening approximately 40 random mutants generated by random transposon mutagenesis for biofilm formation [9] . Screening of an additional 40 random mutants in 96-well microtiter plates identified another mutant, A100, with greatly decreased biofilm formation (<20%) compared with wild-type (WT) cells.
Direct DNA sequencing with the forward primer KAN-2-FP-1 identified the sequence of the eptC gene, cj0256, adjacent to the transposon-insertion site in A100. PCR was performed to confirm the insertional mutation of the eptC gene in A100 (Fig. 1) . The PCR band of the eptC mutant (lane 3) was up-shifted by approximately 1.2 kbp compared with the bands of C. jejuni NCTC11168 WT (lane 2) and A16, another transposon mutant in which cj1111c, a biofilmirrelevant gene, was mutated (lane 4) (Fig. 1A) . This 1.2 kbp increase corresponds to the length of the transposon (1,221 bp) used in this study. The eptC mutant strain was sequenced to confirm the transposon insertion in the eptC gene (Fig. 1B) .
A biofilm assay was conducted in 96-well polystyrene plates to compare biofilm formation among WT, the eptC mutant, and A16 cells (Fig. 2A) . Compared with WT cells, the biofilm biomass of the eptC mutant was significantly reduced (p < 0.05) from an OD of 0.05. The biofilm formation level of A16 (WT/tnp) was similar to that of WT ( Fig. 2A) . In glass tubes, compared with WT, the biofilm biomass of the eptC mutant was also significantly reduced (p < 0.05) from an OD of 0.20. In addition, the biofilm biomass of the A16 strain was slightly, but significantly, reduced (p < 0.05) from an OD of 0.87 (Fig. 2B) .
Because a previous study demonstrated that eptC (cj0256) can modify flagella and affect the motility of C. jejuni 81-176 [13] , motility was compared between the WT, the eptC mutant, and the wild type with transposon inserted in a biofilm-irrelevant gene (A16, A29, A56, A59, A65, and A69) (Fig. 3) . Compared with the WT, the halo diameter formed by the eptC mutant was significantly decreased (p < 0.05) from 40 mm to 27 mm. The halo diameter of the A16 strain was similar to that of the eptC mutant, but the halo diameters of the A29, A56, A59, A65, and A69 strains were The data were normalized by subtracting background values using the MHB negative control. The data are presented based on two independent experiments performed in triplicates. Different lowercase letters indicate significant difference at p < 0.05 using Tukey's HSD test. similar to that of the WT.
To test the role of eptC during the attachment step in biofilm formation, an adhesion assay was conducted on the surface of borosilicate glass for 2 h (Fig. 4) . The adherent cells were counted, and the cell counts were 5.22 log CFU/cm 2 for WT cells, 4.45 log CFU/cm 2 for the eptC mutant, and 4.76 log CFU/cm 2 for the A16 cells (Fig. 4) . In the eptC mutant, the initial adherence was significantly reduced by 0.77 log CFU/cm 2 compared with WT cells. In the A16 strain, the initial adherence was significantly reduced by 0.46 log CFU/cm 2 compared with WT cells. Even though statistically significant reductions were found in both the eptC mutant and the A16 strain compared with WT (p < 0.05), a significant reduction by 0.31 log CFU/cm 2 was found in the eptC mutant compared with A16 (p < 0.05). This suggests that eptC affects initial adherence, even though the transposon insertion in the genome of C. jejuni may affect the initial adherence of the bacterial cells.
When the growth curves were plotted for the WT, eptC mutant, and A16 strains (Fig. 5) , the doubling times were statistically similar among them; WT (35.5 ± 5.7 min), eptC mutant (37.1 ± 10.3 min), and A16 (36.0 ± 7.7 min) (p > 0.05).
The TEM images of the eptC mutants were analyzed and compared with those of WT cells to investigate flagellar morphology (Fig. 6 ). Both strains formed flagella, and their appearances did not differ significantly. When the biofilm phenotype was studied by SEM (Fig. 7) , the flagella morphology was not significantly different from that of TEM, and the biofilm phenotypes were not significantly different among the WT, eptC mutant, and A16 strains.
Discussion
Despite the impact of Campylobacter biofilm formation on food safety, its molecular mechanism is poorly understood compared with other major foodborne pathogens [11] . In this study, a mutation of eptC significantly reduced the biofilm-forming ability of C. jejuni NCTC11168 on two types of abiotic surfaces (p < 0.05). Generally, biofilm formation is associated with many factors, including The data are presented based on two independent experiments done in triplicates. Different lowercase letters indicate significant difference at p < 0.05 using Tukey's HSD test. flagella generation, motility, and the initial adherence of bacteria [8, [14] [15] [16] . In this study, eptC did not affect flagella generation, but it did play a role in the initial adherence to food contact surfaces, such as glass.
EptC is phosphoethanolamine (pEtN) transferase encoded by eptC. This protein catalyzes the addition of pEtN to the flagellar rod protein (FlgG), lipid A, and inner core oligosaccharide of lipooligosaccharide (LOS), and several N-linked glycans in C. jejuni [13, [17] [18] [19] . The flagella of a number of bacterial species play a significant role in the rate of attachment to a surface and in subsequent biofilm formation [7, [20] [21] [22] . Likewise, the C. jejuni flagellar structure is directly involved in attachment; motility aids the kinetics of biofilm formation. Flagella appear to be necessary for the initiation of biofilm formation on a surface by mediating adhesion [23] [24] [25] [26] [27] . In previous studies, FlgG modification by eptC was found to affect flagella assembly [13] and motility [13, 19, 26] in C. jejuni 81-176. However, in this study, the TEM and SEM images showed that eptC is not related to flagella biosynthesis. In addition, although eptC seems to affect motility, such a reduced motility in C. jejuni NCTC11168 seems to have little effect on biofilm formation, since A16, which has a similar level of motility to the eptC mutant, is comparable to WT for biofilm formation.
Therefore, this study suggests that eptC is involved in biofilm formation in C. jejuni NCTC11168 by a mechanism other than flagellar modification.
From the adherence test results, it is thought that eptC is involved in the initial attachment step during biofilm formation. EptC is involved in the modification of LOS associated with the cell membrane and N-linked glycans of membrane-associated periplasmic proteins [19, 28] . Therefore, this study suggests that modification of the cell surface by EptC may play an important role in the biofilm formation of C. jejuni.
The specific mechanism by which eptC mediates the initial attachment or biofilm formation remains unknown. However, several studies suggest that the hydrophobicity of the bacterial cell surface can affect adherence onto abiotic surfaces [29, 30] . It seems likely that attachment of C. jejuni is initiated by nonspecific forces, such as hydrophobic interactions, as suggested by the relative hydrophobicity values of the wild-type and biofilm-deficient mutant strains [7] . Hydrophobic interactions have also been proposed to allow C. jejuni cells to bind to INT 407 epithelial cells [31] . E. coli K-12 and Salmonella Typhimurium also have enzymes for modifying lipid A with pEtN [32] . This modification neutralizes the negative charge of the lipid A 4'-phosphate group [32] . In Rhizobium leguminosarum, modification of lipid A and the O-chain enhances the hydrophobicity of the entire cell surface [33] . Previous results have demonstrated that a pEtN attaches to the negative charge on the lipid A of Campylobacter [13] , similar to other bacteria [32] [33] [34] . Therefore, it is expected that hydrophobicity increases by neutralizing the negative charge on the cell surface. As a result, this may increase the adhesion ability to abiotic surfaces, such as polystyrene or borosilicate glass, conducive to increased biofilm formation.
In C. jejuni, protein N-linked glycosylation of surface proteins may enhance fitness [35] . Glycosylation is important for the attachment of C. jejuni to human and chicken host cells. Some of the glycoproteins in C. jejuni may be cellsurface exposed and could function as adhesins [36] . Thus, cell-surface modification with pEtN may enhance the functions of these glycoproteins as adhesins and increase their ability to attach to abiotic surfaces. Overall, our results suggest that eptC is an important contributor for adherence to abiotic surfaces and to the biofilm formation of C. jejuni NCTC11168, making it a potential target for Campylobacter biofilm control.
